This study focused on the engineering geological investigation of slope failures along Penampang to Tambunan road, approximately 12 th km to 101 th km from Kota Kinabalu city, Sabah, Malaysia. The area is underlain by the Crocker Formation (Late Eocene to Early Miocene age) and the Quaternary Deposits (Recent age). These rock units show numerous lineaments with complex structural styles developed during several regional Tertiary tectonic activities. The tectonic complexities influenced the physical and mechanical properties of the rocks, resulting in a high degree of weathering and instability. The weathered materials are unstable and may experience sliding due to by high pore pressure and intensively geomorphological processes. In this study, a total of 31 selected critical slope failures were studied and classified into two main groups: rock slope and soil slope. Failures in soil slopes (including embankments) are 21 (67 %) whereas 10 of all failures (33 %) of rock slope. Soil slope failures normally involved large volumes of failed material as compared much rock slopes, where the failures are mostly small. Of the 21 failures in soil slopes, 15 (71 %) are embankment failures making them 48 % of all types of failures. Physical and mechanical properties of 84 soil samples indicated that the failure materials mainly consist of poorly graded to well graded materials of clayey loamy soils, which characterized by low to intermediate plasticity content (9 % to 28 %), containing of inactive to normal clay (0.34 to 1.45), very high to medium degree of swelling (5.63 to 13.85), variable low to high water content (4 % to 22 %), specific gravity ranges from 2.57 to 2.80, low permeability (9.66 X 10 -3 to 4.33 X 10 -3 cm/s), friction angle () ranges from 7.70˚ to 29.20˚ and cohesion (C) ranges from 3.20 KPa to 17.27 KPa. The rock properties of 10 rock samples indicated that the point load strength index and the uniaxial compressive strength range classified as moderately week. Kinematics slope analyses indicates that the variable potential of circular, planar, wedges and toppling failures modes as well as the combination of more than one mode of aforementioned failure. Rock and soil slopes stability analysis indicates that the factor of safety value as unsafe (0.52 to 0.98). Engineering geologic evaluation of the study area indicates that the slope failures took place when rock and soil materials were no longer able to resist the attraction of gravity due to a decrease in shear strength and increase in the shear stresses due to internal and external factors. Internal factors involve some factors change in either physical or chemical properties of the rock or soil such as topographic setting, climate, geologic setting and processes, groundwater condition and engineering characteristics. External factors involve increase of shear stress on slope, which usually involves a form of disturbance that is induced by man includes removal of vegetation cover, induced by vehicles loading and artificial changes or natural phenomenon such as tremors. Development planning has to consider the hazard and environmental management program. This engineering geological study may play a vital role in slope stability assessment to ensure the public safety.
INTRODUCTION
This paper deals with the engineering geological investigation study of 31 selected critical slopes with the aims of analysis the physical and mechanical properties of soil and rock, calculate the factor of safety for slopes and to evaluate the main factors contributing to slope failures. The study area is located the stretch between 12 th km to 101 th km from Kota Kinabalu city, Sabah to the town of Tambunan in Sabah, which connecting the lowland areas of the west coast to the interior regions of Sabah, Malaysia. The study area is bounded by longitudes line 116 o 15' to 116 o 30' E and latitudes line 05 o 42' to 05 o 55' N ( Figures. 1 & 2) . The 89 km length study area, crosses over 90 % rugged mountainous terrain with a different of elevation exceeding 1000 m. Part of this highway is constructed across the steep slopes of the Crocker Range, creating problems of slope and stability especially during periods of intense rainfall. Since it's opening in 1980, the problem of slope stability has adversely affected the use of the highway. The Public Work Department of Malaysia (JKR) authority has started a program of repairing and rehabilitation of slope failures since 1990 to improve the highway. This work is still going on today.
METHODOLOGY
Several classifications can be used to describe slope failures. For this study in the topics, the types of slope failures were classified according to the proposals of a group researcher [1] . In this system, slope failures are classified into two main groups: soil slope failures and rock slope failures. Soil slope failures were divided into slides (T1), slumps (T2), flows (T3), creep (T4) and complex failures (T5) whereas rock slope failures were divided into circular (B1), planar (B2) and wedge failures (B3) together with toppling (B4). In this study, only failures with volume exceeding 10 m 3 were considered, since failures involving smaller volume did not generally affect the road users. On the basis, the slope failure was divided into three groups: small (10 -50 m 3 ), Medium (50 -500 m 3 ) and Large (> 500 m 3 ). For each slope failures that were studied (Figure 2) , type of failures, the geometry of the slope, geological background characteristics, weathering characteristics, ground water condition, discontinuity characteristics, physical and mechanical of the sliding materials and an interpretation of the factors causing the failure based on field observations 
Malaysian Journal of Geosciences (MJG)
DOI
ENGINEERING GEOLOGICAL ASSESSMENT (EGA) ON SLOPES ALONG THE PENAMPANG TO TAMBUNAN ROAD, SABAH, MALAYSIA
were recorded. Soil and rock samples from the study area were collected during field mapping for detailed laboratory analysis.
The laboratory works such as classification tests (grain size, atterberg limit, shrinkage limit, specific gravity and water content), permeability test, consolidated isotropically undrained (CIU) test, rock uniaxial compressive strength and point load test were carried out in compliance and accordance to British Standard Code and ISRM [2] [3] [4] [5] [6] .
Figure 1:
Location of the study area [7] .
For the soil slopes stability analysis, using the "SLOPE/W" software was done successfully to determine susceptibility of the slopes to shallow noncircular slides based on the determination of factor of safety values, which are common in the study area [8] . The advantage of these methods is that in its limit equilibrium calculations, forces and moments on each slice is considered.
Discontinuity orientation data has been collected from ten (10) selected of rock slope failure by random method. For each rock slope failures that were studied, the geometry of the slope, dip direction and dip value, persistence, roughness, unevenness, aperture, infilling material, water condition, weathering, geological background characteristics, engineering properties of the sliding materials and an interpretation of the factors causing the failure were recorded. Determination of discontinuities sets, critical discontinuities plane, potential mode and rock slope stability analysis has been performed by RockPack III program [9] . 
LOCAL GEOLOGY AND ENGINEERING GEOLOGY CHARACTERISTICS
The geology of the study area is made up of sedimentary rock of the Crocker Formation (Late Eocene age) and Quaternary Alluvium Deposits. Table 1 shows the composite stratigraphic column of rock units with their water bearing and engineering properties. The effect of faulting activity can be observed on the lithologies of the study area. This was confirmed by the existence of transformed faulted material consisting of angular to sub angular sandstone fragments, with fine recrystallined quartz along the joint planes, poorly sorted sheared materials and marked by the occurrence of fault gouge with fragments of subphyllite and slickensided surfaces.
Engineering works may involves excavating, removing of the existing overburden soil and weathered rocks, filling of lowland and cutting of hill slope. These processes exposed the rock and soil in the study area to weathering and erosion. The slope materials become weak and loss its engineering properties. Moreover, the weathered products have high content of clay which may lower the rock strength and its engineering properties, approaching that of soil [10] . The cutting of hill slope, dumping of the stream within or along the slope and removing trees and vegetation from the hill slope reduces the stability of the slope. As a result, the hill slope becomes critical / unstable. The layered nature of the sandstone, siltstone and shale may constitute possible sliding surfaces ( Table 1) . The sandstone-shale contact is easily accessible by water and such contact seepage may weaken the shale surface and cause slides and falls within the formations. Interbedded sandstone, siltstone and shale may also present problems of settlement and rebound. The magnitude, however, depends on the character and extent of shearing in the shale. The strength of the sandstone will also depend on the amount and type of cementmatrix material occupying the voids. The sandstones are compacted and in grain to grain contact with each other. Instead of chemical cement (vein) or matrix, the pores are filled by finer-grained sands to silt-sized materials or squeezed rock fragments. The absence of chemical cement reduces the strength of the sandstone especially when it is weathered or structurally disturbed. The shale units have an adequate strength under dry conditions but lose this strength when wet [10] . During the rainy season, the shale becomes highly saturated with water which increases the water pressure and reduces resistances to sliding and falling especially within the sandstones-shale contact. This condition, in addition to varying amounts of bitumen and levels of degradation, makes shale unpredictable and unsuitable for road construction sites. Its unstable nature can be remedied by proper management of soaking and draining of water from the rock or along the sandstone-shale contact. 
GEOHYDROLOGIC AND HYDROGEOLOGY
The study area and its surrounding areas are controlled by heavy drainage system of different patterns (e.g. Trellis and Parallel) (Figure 2) . The region has a high drainage density, being the cradle and origin of major rivers in the study area. Structurally, a number of linear river segments belong to different watershed systems indicate the existence of major tectonic fractures. The structural control of the river tributaries of the area is evidenced by the physical characteristics of sedimentary rocks; highly fractured areas and less competent shale beds. The sedimentary rocks are more intensely dissected by fault zones than the ultrabasic rocks.
Groundwater occurs and moves through interstices or secondary pore openings in the rock formations. Such openings can be the pore spaces between individual sedimentary grains, open joints and fractures in hard rocks or solution and cavernous opening in brecciated layers and cataclasites. The direction of groundwater movement is generally under the influence of gravity. The rock formations exhibit a high degree of weathering and covered by thick residual soil that extends to more than 30 meters in thickness. The weathered materials are weak and caused slope failures due to high fractured porosity and high pore pressure subjected by both shallow and deep groundwater.
Calculation of the groundwater balance helps to show the amount of rain water available for surface run-off and deep percolation. The Thornwaite's method is used to compute for the potential evapotranspiration (evaporation & transpiration). This method is selected because it needs only the temperature and rainfall data. Analysis from Table 2 shows that during the earlier (January to March) and middle (June to September) part of the year, the potential evapotranspiration is higher than rainfall. Theoretically, therefore all the precipitation that fall over the area during this period will be lost through evapotranspiration, leaving no excess water available for run-off and deep percolation. It is only in the months of April, May and later months of the year (October to December), that excess rainfall becomes available for run-off and deep percolation. Result show the high amount of evapotranspiration, reduced the water available for run-off and deep percolation to a more 40 mm per year. One would have to note in mind that the average surface temperature of the study area is lower than the temperature used in the computation of Table 2 . Therefore, the true evapotranspiration could be significantly lower allowing more surface sun-off and deep percolation. It has no significant to groundwater development due to its impermeable characteristic.
Very dangerous site for heavy structures and the main causes of mass movement.
Interbedded

ShaleSandstone
It is a sequence of interlayering of permeable sandstone with impermeable shale. The permeability of this unit is quite variable. Groundwater in this unit tends to be under semi-confined to confined system. Little importance to groundwater provides some water but not enough for groundwater development.
Dangerous site for heavy structures and high potential for mass movement.
Sandstone
Light grey to cream colour, medium to coarse -grained and some time pebbly. It is highly folded, faulted, jointed, fractured occasionally cavernous, surfically oxidized and exhibits spheriodal weathering. Importance to groundwater.
Good site for heavy structures with careful investigation.
Stable from mass movement and provide some modification like closing of continuous structure. Results of a detailed analysis of soil slope stability are presented in Table  3 . Considering cut slopes, all the major lithologies are involved showing that this type of failure is not mostly controlled by lithology. The failure volume scale involved generally small to large in size possibly endangering road users. In term of weathering grades, the materials that underwent failure were in the ranges from grade IV to VI (Figures 3 to 6 ). Weathering is the main factor causing failure with the depth of weathering influencing the volume of material that fails. It appears that grade IV to grade V materials actually failed with the overlying grade VI material sliding or slumping down together with this material during failure. Physical and mechanical properties of 84 soil samples indicated that the failure materials mainly consist of poorly graded to well graded materials of clayey loamy soils, which characterized by low to intermediate plasticity content (9 % to 28 %), containing of inactive to normal clay (0.34 to 1.45), very high to medium degree of swelling (5.63 to 13.85), variable low to high water content (4 % to 22 %), specific gravity ranges from 2.57 to 2.80, low permeability (9.66 X 10-3 to 4.33 X 10-3 cm/s), friction angle ( ) ranges from 7.70˚ to 29.20˚ and cohesion (C) ranges from 3.20 KPa to 17.27 KPa. Soil slopes stability analysis indicates that the factor of safety value as unsafe (0.56 to 0.98). The presence of ground water, slope angle, removal of vegetation cover, lack of proper drainage system, artificial changing, climatological setting, geological characteristics and material characteristics are additional factors contributing to the failures. Table 3 shows the results of a detailed analysis of rock slope failures. Although rock slope failures contributed only 33 % (10 failures) of the total failures, they involved large volume of weathered and brecciated rocks (Figures 7 & 8) . The main factor contributing to rock slope failures was the orientation and intensity of discontinuity planes. That is why rock slope failures occur most frequently along the highway on sedimentary rocks, which were highly brecciated and fractured. Generally, the failed material underwent only moderately to completely weathering (grade III to V). The rock properties characterization for 10 rock samples indicated that point load strength index ranges from 0.33 MPa to 0.52 MPa (moderately week) and uniaxial compressive strength range from 7.81 MPa to 12.57 MPa (moderately week). Kinematics slope analyses indicates that the variable potential of circular, planar, wedges and toppling failures modes as well as the combination of more than one mode of aforementioned failure ( Figure 9 ). Rock slopes stability analysis indicates that the factor of safety value as unsafe (0.52 to 0.95). Other factors contributing to rock slope failure are the presence of groundwater, climatological setting, joints filling material, high degree of rock fracturing due to shearing, steep of slope angle, high intensive of faulting and folding activities and locating at the fault zones area. The steep topography terrain in the study area is naturally slope instability prone areas. Drainage systems in this steep rugged terrain are characterised by short and rapid flowing streams. These fast-moving bodies of water, causes surface erosion and gulling on the slopes. Surface erosion removes the necessary top soil to sustain vegetation cover. This further exposes the slope and weakens the strength of the slope materials. The steep terrain also poses real problems for infrastructural developments, like road construction. Due to this reason, construction of roads across the mountain range would definitely involve slope cutting and building of fill slopes.
The geology of the Crocker Formation does not benefit slope stability. The interbedded sandstone-shale and shale unit lithologies of the Crocker Formation weather, rapidly when exposed to the elements. This is especially through along many man-made slope cuts. Weathering changes the sandstone and shale into fine clayey materials. Determined indirectly from their clay activity values some of these clay minerals are suspected to be in-active and normal clay [11] . These two types of clay minerals when interacting with water would expand and lubricate rock joints and other discontinuities. The highly fractured nature of the lithology also contributes to slope instability. Fractured rock masses have much lower shear strength compared to the original fresh rock. The orientation of the discontinuities and its relation to the geometry and strike of the slope, have a direct influence on the occurrence of rock slope failures. Due to the influence of the regional tectonic forces the rock joints in the study area are predominantly orientated at a Northeast -Southwest and NorthwestSoutheast direction. It has been determined that slopes that strike northward, westward, and South -Southeast show a higher probability to fails. Therefore, as a matter of precaution, cutting the slopes at these strike directions, if possible should be avoided.
The climate of the study area is very much the same as the other parts of Sabah, Malaysia. The condition of a warm and moist tropical climate induces rapid weathering of the lithology forming thick weathering profiles. High annual rainfall is accumulated during periods of rainfall and drizzling which occur daily in this high mountainous region. The high amount of rainfall helps to sustain the moist and wet nature of the slope throughout most of the day. During the storm's period of high rainfall intensity, the rate of water infiltration to the soil would not be sufficient, the excess water would accumulate to form surface run off. Calculation on the groundwater balance shows that the area experiences high evapotranspiration, leaving only a small amount of water available for run off during most periods of the year [12] . During intense storms, the amount of run off and deep percolation greatly exceeds the evapotranspiration. Excessive surface run off causes rapid surface erosion, which blocks the limited existing man-made drainage. As the result of blocked and insufficient drainage the excess water overflows the drains and on to the road surface. The excess water would also accumulate on certain parts of the road and fill slope. At several locations where the huge drainage pipes are buried underneath the road, subsidence is seen to occur. Where the outlet of the drainage pipe (just below road level) directs the water down slope, erosion and undercutting of the fill slope is seen to occur. This shows a weakness in the drainage design. The drainage pipes should be extended to the nearest natural drainage.
Removal of vegetation cover on the slope will seriously reduce the slope stability. The natural vegetation on the slope cuts have almost all been removed. It has been with limited success replaced by secondary trees and grasses. The lost of the original anchoring buttress roots is irreplaceable. The younger plants have found it hard to grow on the thin layer of soil on the surface of slope cuts. Removal of vegetation also disrupts the hydrological cycle, by allowing more infiltration and reducing the removal of groundwater by transpiration. More infiltration and less transpiration would cause the soil materials to be more saturated with water. This weakens the strength of the slope directly. Another important contribution to slope failure is the anthropological factor. Man is solely responsible in the faulty design and construction of unstable slope cuts. In the study area man's road construction is responsible for much of the failure of fill slopes. Due to the rugged topography sections of the road were built across natural drainage valleys. Without proper drainage, the fill slope blocks the path of water flow. The retention of water at these slopes, caused subsidence and tension cracks to appear on the road surface [11] . If left unchecked, total failure would occur at these sections of road. Lack of maintenance is another real problem; which slopes are left without proper care until landslides have occurred. Other contributing anthropological factor includes the heavy traffic flow, illegal deforestation of slopes and irresponsible slope land development.
Factor of safety (FOS) provides away for an engineering assessment of slope stability. Slope stability analyses were conducted for various conditions such as the existence of tension cracks and variation of shear strength parameters in order to study the dominant factors causing the slope failure. Rock and soil slopes stability analysis indicates that the FOS value as unsafe (0.52 to 0.98). The location of slip circles also tallies well with the slope failures as observed in the field. This confirms that the mobilised strength during the slope failure is very close to the subsoil peak strength parameter interpreted from the laboratory strength test results. Any rise in groundwater profile would certainly further reduce the FOS. In dealing with risk of slope failure, level of awareness and mitigation measures must be increased when there is obvious climatic change especially on rainy season.
CONCLUSIONS
In light of available information, the following conclusions may be drawn from the present study: 2. Physical and mechanical properties of 84 soil samples indicated that the failure materials mainly consist of poorly graded to well graded materials of clayey loamy soils, which characterized by low to intermediate plasticity content (9 % to 28 %), containing of inactive to normal clay (0.34 to 1.45), very high to medium degree of swelling (5.63 to 13.85), variable low to high water content (4 % to 22 %), specific gravity ranges from 2.57 to 2.80, low permeability (9.66 X 10 -3 to 4.33 X 10 -3 cm/s), friction angle () ranges from 7.70˚ to 29.20˚ and cohesion (C) ranges from 3.20 KPa to 17.27 KPa.
3. The rock properties of 10 rock samples indicated that the point load strength index and the uniaxial compressive strength range classified as moderately week. Kinematics slope analyses indicates that the variable potential of circular, planar, wedges and toppling failures modes as well as the combination of more than one mode of aforementioned failure.
4. Rock and soil slopes stability analysis indicates that the factor of safety value as unsafe (0.52 to 0.98).
5. Engineering geologic evaluation of the study area indicates that the slope failures took place when rock and soil materials were no longer able to resist the attraction of gravity due to a decrease in shear strength and increase in the shear stresses due to internal and external factors. Internal factors involve some factors change in either physical or chemical properties of the rock or soil such as topographic setting, climate, geologic setting and processes, groundwater condition and engineering characteristics. External factors involve increase of shear stress on slope, which usually involves a form of disturbance that is induced by man includes removal of vegetation cover, induced by vehicles loading and artificial changes.
